Energy transfer cassettes that build on the platform of boronic acid derived salicylidenehydrazone (BASHY) complexes were prepared. The functional flexibility of the BASHY chromophore was underpinned by its tunable role as energy donor or acceptor, integrated in compact and non-conjugated bichromophoric dyads. The energy transfer is highly efficient (F ET > 0.95) and is assumed to proceed mainly via a through-bond mechanism. Both constituent chromophores benefit mutually from their integration in the cassettes: a) The pseudo Stokes shift is increased to 110-200 nm; b) the antenna (donor) chromophore improves the light absorption of the acceptor chromophore; and c) the emission window of the BASHY chromophore is expanded in the BASHY-Bodipy dye without using strategies that compromise the observation of high quantum yields. The application of the cassettes for the formulation of fluorescent polymeric nanoparticles, that can be internalized in cells and observed by fluorescence imaging, was demonstrated using the BASHY-Bodipy dye as an example.
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Introduction
Multicomponent reactions are versatile procedures for the synthesis of heterocyclic skeletons with variable substitution patterns. [1] [2] [3] [4] [5] Recently dye chemists have started to realize the potential of this tool for the discovery of new fluorophore platforms or for the extension of known fluorophore families with functional handles. [5] [6] [7] Principally two approaches are distinguished: [5] (a) the "scaffold approach" with at least one of the reactants already containing a dye and (b) the "chromophore approach", where the dye is actually formed during the reaction. This yields the expansion of chemical space with previously unknown fluorophores and their property-driven optimization for applications in bioimaging and sensing. [8] [9] [10] [11] [12] [13] [14] Our groups have contributed to this trend of dye chemistry with the development of the synthetically and functionally flexible BASHY (boronic acid derived salicylidenehydrazone complexes) dye platform. [15] [16] [17] This one builds on straightforward multicomponent condensation reactions, implying salicylidenehydrazones and boronic acids. These dyes were shown to have application potential in bioimaging. [15, 18, 19] An interesting facet of the photophysical engineering of fluorophores is their integration into energy transfer cassettes (ETC). [20] [21] [22] [23] [24] [25] Such constructs combine an energy donor dye with an acceptor dye to allow highly efficient energy transfer communication between both entities, involving through-space and/or through-bound mechanisms. This strategy enables the photophysical improvement of the dyes to arrive at increased pseudo Stokes shifts (spectral separation of absorption and fluorescence bands) and efficient light absorption/emission, i. e. high brightness. Both characteristics are important technical assets for applications of dyes in bio-relevant contexts. [26] For example, ETC have found use in sensing, [24, 25, 27] in fluorescence microscopy, [24, [28] [29] [30] in lasing applications, [31, 32] for multicolor labeling, [33] and in theranostic logic devices. [34, 35] The donoracceptor linkage is often realized by employing metal-catalyzed coupling reactions (e. g., Cu-catalyzed click reaction, Pd-catalyzed Sonogashira coupling). However, these methods generally require the implementation of laborious purification protocols, as already traces of the metal catalyst in the final product may for example cause undesired fluorescence quenching. Hence, the development of metal-free alternatives with extended product scope continues to be an objective in the field.
Herein we describe the convenient preparation of ETC based on the assembly of BASHY dyes using the "chromophore approach" or its combination with the "scaffold approach". The obtained ETC show practically quantitative energy transfer efficiency and integrate variable donor/acceptor scenarios, emphasizing the photophysical flexibility of the BASHY dye platform for the design of such architectures.
Results and Discussion

Synthesis and Photophysical Characterization of BASHY-Bodipy Dye 3
Dye 3 was prepared by the condensation reaction between stoichiometric amounts of the salicylidenehydrazone ligand 1 and a boronic acid modified Bodipy dye (Figure 1a and Experimental Section). [17] Note that as recently discussed by us, for the specific case of N,N-dialkylamino-substituted BASHY dyes the reaction is done as a sequential procedure and not as a classical three-component reaction as for other BASHY dyes. [15] Bodipy dyes as acceptor chromophores are a common choice for ETC, due to their favorable absorption properties (large molar absorption coefficients) and high emission quantum yields. [20, 21, 36, 37] Strictly seen, the preparation of dye 3 is a combination of the "chromophore approach" (for the construction of the BASHY chromophore) and the "scaffold approach" (taking into account that the boronic acid component already contains a Bodipy fluorophore; see Figure 1 ).
The main photophysical data of the investigated dyes are summarized in Table 1 . The BASHY-Bodipy dye 3 has a UV/vis absorption spectrum with the typical strong bands for both chromophore moieties; see Figure 2b : a band with a maximum at 473 nm, corresponding to the BASHY skeleton, [15, 17] and a band with a maximum at 572 nm which is characteristic for the styryl-Bodipy chromophore. [36] This observation underlines the fact that the chromophore units are non-conjugated. The BASHY chromophore fills the optical window in the absorption spectrum of the Bodipy chromophore (410-490 nm, where the absorbance is 5 % of the absorbance at the maximum at 572 nm; see Figure 2a for dye 4), enabling selective excitation and the use of commercial laser sources such as the Ar ion laser (488 nm).
On the one hand, on selective excitation into the Bodipy absorption band (l exc > 520 nm) the typical emission of this chromophore with a maximum at 582 nm and with a high quantum yield of F fluo = 0.76 was observed. This value compares very nicely with the one of the individual Bodipy chromophore 4 (see Table 1 ) and rules out significant throughspace fluorescence quenching of the Bodipy chromophore by the ground-state BASHY moiety. On the other hand, also the selective excitation of the BASHY chromophore at 473 nm yielded practically only Bodipy emission. The strong quenching of the BASHY fluorescence hints on a quantitative energy transfer (F ET > 95 %). This was confirmed by the superposition of the normalized absorption and excitation spectra (monitor- ing selectively the Bodipy emission) of 3; see Figure 2b . [38] Due to the rigidity and non-planarity of the dye (see the geometryoptimized structure in the Supporting Information) and the proximity of both chromophores, that are linked by a phenylene spacer (the boron-boron distance is 8.93 Å ), the operation of through-bond energy transfer (TBET) is postulated (see Figure 1 ). TBET is generally observed for ETC architectures, where the donor and acceptor are connected by an unsaturated linker and the whole system is non-planar due to steric hindrance. [20, 27] However, two additional observations are worth being noted. First, the orbital overlap at the chromophorelinker connection is close to zero, because the linker assumes a perpendicular orientation with respect to both chromophore planes (see Figure 3 and Supporting Information). This excludes Dexter exchange energy transfer, [39, 40] as discussed for a series of ETC with similar geometrical conditions. [21, 41] However, it should be emphasized that Dexter-type exchange is not the only contributor to the TBET mechanism. Second, Fö rster resonance energy transfer (FRET) [40, 42] is likely to operate in parallel to TBET. [27] This is corroborated by the considerable spectral overlap (J = 1.6 10 À10 cm 6 mol À1 ) between the efficient donor emission and the strong acceptor absorption (see Figure 2a , dashed black and solid red spectra), the nonperpendicular orientation of the donor and acceptor transition dipole moments, and the short inter-chromophore distance. The critical Fö rster radius is calculated as R 0 = 47 Å , far larger than the actual boron-boron distance in 3 (see above). Would FRET be the only energy transfer pathway, then this alone would yield an efficiency of practically 100 %. However, as mentioned above, it is very likely that TBET competes with FRET and the quantitative energy transfer is partitioned between both pathways. Noteworthy, the integration of both chromophores in the ETC results in their mutual improvement. In theory, such red-shift could be also achieved by increasing the charge-transfer character of the BASHY skeleton. [15, 17] However, a reduced fluorescence quantum yield, as direct consequence of the energy-gap law, applies to such electronic fine-tuning. [15] Finally, it should be commented that BASHY dyes are very photostable during extended irradiation with a 150 W Xe lamp, as has been shown for a large pool of these dyes with variable substitution patterns. [15, 17] 2.2. Time-Dependent Density-Functional-Theory (TD-DFT) Calculations with Dye 3
The CAM-B3LYP functional [43] and a 6-31G** basis set were employed and toluene was included as solvent by means of the application of the polarization continuum model (PCM). [44] In Figure 3 the frontier orbitals that are implicated in the first two transitions, S 0 !S 1 and S 0 !S 2 , are shown. On the one hand, the lowest energy excitation (S 0 !S 1 ) involves mainly the HOMO! LUMO transition with the frontier orbitals being exclusively located on the Bodipy chromophore. On the other hand, the energetically higher lying S 0 !S 2 excitation includes the HOMO-1!LUMO + 1 transition. These orbitals are localized on the BASHY moiety. For both chromophores the highest occupied orbitals (HOMO and HOMO-1) include the respective electron donor unit: the p-MeO-phenyl for the Bodipy and the Et 2 Nphenyl for the BASHY. The lowest unoccupied orbitals are moved away from the electron donors, being located on the Bodipy heterocycle (LUMO) or moved along the boron salicylidenehydrazone backbone (LUMO + 1). These observations emphasize the push-pull character of both chromophoric units.
Another important information comes from the groundstate optimized structure of 3. The electronic separation of BASHY and Bodipy is evident by the perpendicular alignment of the connecting phenylene linker with respect to both chromophores (see Supporting Information). This sterically induced twist hinders the p-conjugative electronic communication between the two dye moieties, thereby defining 3 as a cassette architecture. Similar observations have been made for other ETC, among them those containing Bodipy chromophores. [20, 21, 23, 25, 31, 32, 45] 2.3. Use of Dye 3 in Bioimaging ETC find often application in bioimaging. [28, 29, 46] As a case of example we decided to prepare biocompatible polymeric PLGA/PVA [poly (lactide-co-glycolide)/poly (vinyl alcohol)] nanoparticles (NP) (mean size 219 AE 4 nm, polydispersity index 0.112 AE 0.005, zeta potential À0.88 AE 0.15), loaded with dye 3, by using a double emulsion (water-in-oil-in-water: w/o/w) solvent evaporation method. [47] This formulation bears two advantages, as recently discussed: [15] (a) encapsulated BASHY chromophores are expected to be more stable against hydrolytic degradation and (b) the nonpolar environment that is created by the NPs triggers the BASHY chromophores to be inherently more fluorescent, being an advantage for their performance in ETC. The dye-loaded NP were then incubated with murine immature bone marrow dendritic cells (BMDC, JAW SII, ATCCCRL-11904 TM ) for 1, 3, and 18 h to assess NP internalization and the impact on cell viability by flow cytometry. The BMDC internalization levels (98-100 % positive cells) obtained for the free dye 3 were similar to those observed for dye-loaded NP, 18 h after incubation. At shorter incubation times (1 and 3 h) the internalization levels (%) obtained for dye-loaded NP were lower (63 and 88 %) than those observed for the free dye 3 (Figure 4a ). This time-dependent internalization profile was expected for NP, having in consideration the nanoparticulate nature of this carrier versus the molecular structure of the free dye explored in this study.
Noteworthy, the median fluorescence intensity (MFI) values evidence that the dye-loaded NP were internalized at higher extent than the free dye 3 (Figure 4b ). The free dye 3 and the dye-loaded NP did not have a negative impact on the viability of BMDC up to 18 h of incubation, as determined by the propidium iodide (PI) assay ( Figure 5 ).
Confocal fluorescence microscopy ( Figure 6 ) analysis confirmed the successful internalization of dye-loaded NP by BMDC after 2, 4 and 10 h of incubation. The dye-loaded NP were conveniently and selectively excited at 488 nm (Ar ion laser) and a bright fluorescence signal was detected at 580 nm.
BASHY dyes can be designed with high functional modularity and offer photophysical properties such as high molar absorption coefficients (ca. 60000 M À1 cm À1 ) and high emission quantum yields (ca. 0.5-0.6). [15, 17] This makes these dyes very interesting antenna chromophores in ETC, such as the investigated dye 3 and especially the dye-loaded NP version. As regards the free dye, the preferential accumulation and light-up behavior of the BASHY motif in lipidic cellular substructures implies an interesting potential of the ETC as selective bioimaging probes. [15] 
Synthesis and Photophysical Characterization of BASHY-Bodipy Dye 7
With the idea to demonstrate the photophysical flexibility of our approach we aimed at the design of an ETC architecture where the BASHY chromophore would play the role of the energy acceptor instead. Based on photophysical rationales and previous reports of other coumarin-containing ETC architec- 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 tures [32, 45, 48, 49] we predicted that the combination of the BASHY chromophore with a coumarin would serve this objective (see Figure 7) . We synthesized dye 7 in an analogous way as 3, using ligand 1 and the coumarinylboronic acid 6; see Experimental Section. This allowed a very compact arrangement of both fluorophores in the final ETC, just being separated by a single s-bond. The concrete example is a clear representation of the "chromophore approach", as dye 7 is entirely constructed from the non-fluorescent building blocks 1 and 6 (see below).
For the reason of a better optical transparency below 300 nm chloroform was preferred over toluene for the corresponding experimental photophysical studies (key data in Table 1 ; see above). The UV/vis absorption spectrum of dye 7 shows the feature of the coumarin chromophore with maxima at 282 nm and 320 nm and the BASHY absorption band with a maximum at 479 nm; see Figure 8 . On selective excitation into the BASHY absorption band the typical strong green fluorescence (l fluo,max = 519 nm in chloroform) of this chromophore was detected. On excitation into the coumarin band at 320 nm the same highly efficient BASHY emission was seen. Noteworthy, no coumarin fluorescence was observed. The ultimate proof for a practically quantitative energy-transfer process (F ET > 0.95) comes from the superposition of the corresponding excitation spectrum, monitoring the BASHY fluorescence, and the absorption spectrum of the dye; see Figure 8 . [38] Very clearly the absorption characteristics of the coumarin in the region between 270 and 340 nm are completely reproduced in the excitation spectrum. The presence of the coumarin antenna effectively leads to an increased pseudo Stokes shift of ca. 200 nm versus ca. 50 nm for the direct excitation into the BASHY chromophore absorption band (11980 cm À1 versus 1870 cm À1 in absolute energy).
Noteworthy, the coumarinylboronic acid 6, being the precursor for the formation of the BASHY skeleton, is nonfluorescent. Such a situation speaks in principle against the operation of FRET. [50] However, the integration of 6 into the BASHY chromophore triggers the Umpolung of the electronaccepting B(OH) 2 into an electron-donating BO 2 N À , thereby possibly activating the fluorescence of the coumarin itself (i. e., in absence of an energy acceptor), as observed for other electron-donating groups in the 7-position, e. g., N,Ndialkylamino or methoxy. [51, 52] In any case, given the nonfluorescent nature of the model compound 6 no FRET data in form of the spectral overlap integral and critical radius could be estimated. However, while the FRET mechanism cannot be conclusively discussed, it is very reasonable to assume that TBET is indeed operative in dye 7, integrating both chromophores very compactly and at a minimal distance of one single bond. It should be noted that contrary to FRET the TBET mechanism does not require spectral overlap. [20, 27] The cassettelike behavior of 7, and hence the operation of the throughbond mechanism, is confirmed by similar calculations (CAM-B3LYP/6-31G**) as discussed above for dye 3; see Supporting Information for details.
Conclusions
In conclusion, building on the assembly of the BASHY chromophore, two highly efficiently and compact (i. e., geometrically very defined) ETC, where the BASHY plays either the role of the energy donor (dye 3) or the energy acceptor (dye 7), were realized. These are the first examples for the integration of BASHY into through-bond ETC. The construction of these photofunctional architectures was possible by implementing the "chromophore approach" or its combination with the "scaffold approach" in straightforward condensation reactions between boronic acid derivatives and a salicylidenehydrazone ligand. The chromophores act electronically independently from each other, establishing the bichromophoric dyes as cassettes. Noteworthy, the scope of the ETC is not limited to the herein discussed examples, but could be expanded through the electronic fine-tuning of the charge-transfer properties of Figure 7 . Assembly of dye 7 from ligand 1 and coumarinylboronic acid 6 and energy transfer process in 7. Figure 8 . UV/Vis absorption (black solid line) and corrected fluorescence spectra for excitation at 320 nm (red dashed line) and 470 nm (black dashed line) of dye 7 in air-equilibrated chloroform. Note that the red emission spectrum is less intense due to the smaller light absorption at 320 nm as compared to 470 nm. The blue spectrum corresponds to the corrected excitation spectrum monitoring the BASHY emission (at 550 nm). the BASHY skeleton or the variation of the second chromophore. This structural flexibility of the photophysical engineering combined with the recently by us demonstrated siteselective bioconjugability of the BASHY platform [18] make this approach interesting for biotechnological applications. Further, the ETC compounds can be formulated in polymeric nanoparticles and used in bioimaging, as shown herein for dye 3.
Experimental Section Materials and Methods
All solvents and reagents for synthesis of the dyes and polymeric nanoparticles were purchased in the highest purity available and used as received. The salicylidenehydrazone ligand 1 and dye 5 were prepared according to previously by us reported procedures. [15] The boronic acid 2 and its pinacolate ester (4) [53] and the pinacolate ester of 6 [54] were prepared according to literature protocols. The 1 H NMR spectra were coincident with the published data. The pinacolate ester of 6 was converted into the free boronic acid intermediate by using a published method. [55] The product was used without further characterization for the synthesis of 7. All NMR spectra were obtained in CDCl 3 on a Bruker Fourier 300 MHz instrument. The residual solvent signal (7.26 ppm for 1 H, 77.0 ppm for 13 C) was used as reference. Electrospray ionization (ESI) highresolution mass spectra were measured with the aid of a QTRAP mass spectrometer.
Photophysical measurements were done at ambient temperature (23 8C) on air-equilibrated solutions of the dyes, contained in quartz cuvettes of 1-cm optical path length. A UV/vis absorption spectrometer (Shimadzu, UV-1603) and a fluorimeter (Varian Eclipse) with a pulsed Xenon lamp as excitation source were used. The excitation and emission spectra are corrected for the wavelength-dependent photomultiplier sensitivity. The emission quantum yields were measured with N-propyl-1,8-naphthalimide (F fluo = 0.48 in acetonitrile) [15] or rhodamine B (F fluo = 0.95 in ethanol) [56] as secondary or standard reference, respectively. The quantum yields are corrected for the differing refractive index of the solvent used for the sample and reference.
General Synthesis of Dyes 3 and 7
Stoichiometric amounts of ligand 1 and the corresponding boronic acid derivative 2 or 6 (both 0.1 mmol) were dissolved in 1 mL acetonitrile and stirred at 80 8C for 2 h in a round-bottom flask. Then the volatiles were evaporated and in the case of dye 3 the crude mixture was purified by silica-gel column chromatography using n-hexane/ethyl acetate (50/50) as eluent. Dye 7 was purified via filtration through a plug of silica, using ethyl acetate as eluent. 
Time-Dependent Density Functional Theory Calculations
All calculations were carried out using the Gaussian09 program. [57] The ground-state structures were geometry-optimized using density-functional-theory (DFT) with the CAM-B3LYP functional, [43] a 6-31G** basis set, and PCM for solvent (toluene) consideration. [44] No symmetry constraints were applied in the geometry optimizations and local energy minima were confirmed by the absence of imaginary frequencies. The vertical excitations of the optimized ground-state geometry were calculated with the time-dependent DFT (TD-DFT) method and the linear-response PCM; see Supporting Information.
Preparation of Polymeric Nanoparticles
Fluorescent plain PLGA-PVA nanoparticles were prepared using a double emulsion (water-in-oil-in-water (w/o/w)) solvent evaporation method, slightly modified with respect to a recent report. [47] Poly (lactic-co-glycolic acid) polymer (PLGA, lactide:glycolide 50 : 50, ester terminated, average molecular weight 7000-17000 g mol À1 , Aldrich) and 10 mg of dye 3 were dissolved in dichloromethane. An 8 % (w/v) poly(vinyl alcohol) (PVA; average molecular weight 13000-23000 g mol À1 , Aldrich) aqueous solution was added and emulsified with the organic phase under continuous sonication at 20 % of the amplitude for 15 s. A second emulsion was formed when this w/o emulsion was dispersed in a 2.5 % (w/v) PVA aqueous solution under the same conditions. The w/o/w emulsion was poured drop wise into a 0.25 % (w/v) PVA aqueous solution and stirred for 1 h at room temperature. The nanoparticles were washed with ultrapure water, collected by centrifugation (17500 rpm, 4 8C, 40 min), and finally re-suspended in sterile phosphate buffer saline (0.01 M, pH 7.4).
The mean nanoparticle size (Z-Average) and polydispersity index (PdI) were determined by dynamic light scattering (DLS, Malvern Instruments). The nanoparticle surface charge (zeta potential, ZP) was measured by laser Doppler electrophoresis (LDE) in combination with phase analysis light scattering (PALS) at 25 8C with the same equipment. The NP suspension (10 mg mL À1 ) was diluted in 10 mM KCl to a final concentration of 0.6 mg mL À1 . All measurements were performed in triplicate.
Internalization Study and Dead Cell Evaluation
For the quantitative uptake study, murine immature bone marrow dendritic cells (BMDC; JAW SII, ATCC CRL-11904 TM ; ATCC, Manassas, VA, USA); 3.5 10 4 cells/190 mL/well) were seeded in 96-well plates and incubated overnight in a humidified incubator with 5 % CO 2 at 37 8C, allowing the cells to become adherent. The cells were treated with fluorescent 3-loaded PLGA NP (0.5 mg mL À1 ) for 1, 3, and 18 h. The cells were then washed with sterile phosphate buffer saline (0.01 M, pH 7.4) and, if applicable, labeled with propidium iodide to evaluate the dead cell population. The medium and 0.05 % (v/v) Triton X-100 were used as negative and positive controls, respectively. The fluorescence of 10000 cells was analyzed by flow
